Although chronic pain is the most common symptom of arthritis, relatively little is known about the mechanisms driving it. Recently, a sprouting of autonomic sympathetic fibers into the upper dermis of the skin, an area that is normally devoid of them, was found in the skin following chronic inflammation of the rat hindpaw. While this sprouting only occurred when signs of joint and bone damage were present, it remained to be clarified whether it was a consequence of the chronic inflammation of the skin or of the arthritis and whether it also occurred in the joint. In the present study, we used a model of arthritis in which complete Freund's adjuvant (CFA) was injected into the rat ankle joint. At 4 weeks following CFA treatment, there was an increase in sympathetic and peptidergic fiber density in the ankle joint synovium. We also observed a sympathetic, but not peptidergic, fiber sprouting in the skin over the joint, which may be a consequence of the increased levels of mature nerve growth factor levels in skin, as revealed by Western blot analysis. The pharmacological suppression of sympathetic fiber function with systemic guanethidine significantly decreased the pain-related behavior associated with arthritis. Guanethidine completely suppressed the heat hyperalgesia and attenuated mechanical and cold hypersensitivity. These results suggest that transmitters released from the sprouted sympathetic fibers in the synovial membrane and upper dermis contribute to the pain-related behavior associated with arthritis. Blocking the sympathetic fiber sprouting may provide a novel therapeutic approach to alleviate pain in arthritis.
Introduction
Arthritis is a debilitating disease affecting 21% of the U.S. population (Lawrence et al., 2008) . Patients suffering from osteoarthritis and rheumatoid arthritis make up 42% of all individuals afflicted with chronic pain (Breivik et al., 2006) . The main symptom underlying arthritis is pain due to bone degeneration and inflammation affecting the joints. Although many symptomatic treatments do exist, there is no effective drug therapy to prevent or revert the underlying pathology.
Nociceptive fibers are responsible for relaying pain-related peripheral information from mechanical, thermal, and chemical stimuli to the CNS. The glabrous skin of the rat hindpaw is innervated by sensory and postganglionic sympathetic fibers. The peptidergic nociceptive fibers, recognized by means of immunoreactivity for the neuropeptides substance P and calcitonin generelated peptide (CGRP), innervate mostly the dermis and to a minor extent the epidermis. (Yen et al., 2006; Taylor et al., 2009 ). Joints and the periosteum are also innervated by nociceptive primary afferents and sympathetic fibers (Hara-Irie et al., 1996; Mach et al., 2002) .
Previous research has shown that a subcutaneous injection of complete Freund's adjuvant (CFA) into the rat hindpaw is a model of polyarthritis suitable to study chronic pain and neuronal plasticity (Nagakura et al., 2003) . In this model, there was persistent inflammation of soft tissues and joints; signs of joint damage developed at 2 weeks post-CFA (Vermeirsch et al., 2007; Almarestani et al., 2011) . Interestingly, our group observed an ectopic presence of sympathetic fibers in the upper dermis of the skin (Almarestani et al., 2008) . In normal conditions, postganglionic sympathetic fibers innervate blood vessels in the lower dermis (Yen et al., 2006) ; however the ectopic sympathetic fibers were not associated with the vasculature. Instead, they wrapped around peptidergic fibers (Almarestani et al., 2008) . It was not known whether these changes in the innervation were a consequence of the chronic skin inflammation or resulted from the arthritis itself. This novel arrangement may favor sympathetic/ sensory fiber interactions and may contribute to the hypersensitivity observed in arthritis.
The ectopic sprouting of sympathetic fibers is likely trophic factor mediated. One neurotrophic factor proposed to play a major role in this sprouting is nerve growth factor (NGF). During early postnatal development, both sympathetic and primary afferent peptidergic fibers are dependent on NGF for neurotrophic support, whereas in adulthood NGF is required for survival of sympathetic neurons and proper phenotype maintenance in peptidergic afferents (Levi-Montalcini, 1987; Lewin and Barde, 1996) . NGF plays an important role in mediating the inflammatory responses after tissue injury (McMahon et al., 2006) . Here, we investigated the changes in innervation of the synovial membrane and skin over the ankle joint in an inflammatory arthritis model and correlated these changes with pain-related behavior. We investigated a possible role of the sprouted sympathetic fibers in pain by blocking their function pharmacologically with guanethidine. Finally, we studied the changes in protein levels of both the precursor and mature forms of NGF in this animal model.
Materials and Methods
Animals. Experiments were performed on male Sprague Dawley rats (Charles River) weighing 275-300 g at the beginning of the study. The entire experimental design was performed following the guidelines contained in the Care and Use of Experimental Animals of the Canadian Council on Animal Care. Moreover, all studies were approved by the Faculty of Animal Care Committee of McGill University and were conducted in accordance with the Guidelines for Animal Research by the International Association for the Study of Pain (Zimmermann, 1983) . All animals were kept on a 12 h light/dark cycle; food and water were available ad libitum. The animals were housed in cages with soft bedding. Animals were divided into three separate cohorts for morphological analyses, biochemical studies, and pharmacological studies.
Model of mono-arthritis. Arthritis was induced by means of CFA. Animals were anesthetized with 5% isoflurane in O 2 and injected with 40 l of CFA, containing 150 g of Mycobacterium butyricum, intra-articularly into the tibial-tarsal joint of the right-hand paw (Butler et al., 1992) . Control (sham) animals underwent the same procedure but were injected with the same volume of vehicle (mineral oil).
Tissue edema of the ankle joint. One group of rats was used to assess the extent of tissue edema surrounding the inflamed joint in this model. Ankle joints were dissected out, weighed, and dried in an oven at 60°C for 24 h. Edema in the ankle joint was determined as the loss in weight of each ankle joint after this dehydration procedure.
Behavioral tests. Pain-related behavior was assessed using the von Frey, Hargreaves, and acetone tests. Before any behavioral testing, animals were habituated to the testing environment. The baseline reaction values were measured 1 d before vehicle or CFA injection and were as follows: 21.6 Ϯ 1.6 g for the von Frey test; 12.4 Ϯ 1.1 s for the Hargreaves test; and 0 for the acetone test.
Mechanical allodynia (von Frey test) . Mechanical allodynia in rats was measured using a series of calibrated von Frey filaments (Stoelting), ranging from 0.6 to 26 g. Animals were placed in plastic cages with a wire-mesh floor. The von Frey filaments were applied in ascending order to the midplantar surface of the ipsilateral hindpaw through the mesh floor. Each probe was applied to the foot until it bent. The time interval between consecutive filament administrations was at least 5 s. The calculations were performed as described previously (Osikowicz et al., 2008) .
Cold allodynia (acetone test). Cold allodynia was assessed using the acetone drop method (Choi et al., 1994) . In the test environment described above, a 50 l droplet of acetone was applied to the midplantar region of the hindpaw using a micropipette. Responses within the first 20 s were scored as follows: 0, no response; 1, one rapid hindpaw flick/ stamp; 2, two or more hindpaw flicks/stamps; 3, periods of flicking/ stamping with licking of plantar hindpaw (Flatters and Bennett, 2004) . Acetone application was repeated three times for each hindpaw, with a 3 min interval between each application. For each rat, the sum of the three scores was then used for data analysis.
Thermal hyperalgesia (Hargreaves test). The pain threshold to high temperature was tested using the plantar test (Hargreaves Apparatus, Type 7370; Ugo Basile). Rats were placed into individual plastic cages with glass floors 5 min before the experiment. A noxious thermal stimulus was focused through the glass onto the plantar surface of a hindpaw until the animal lifted the paw away from the heat source. The paw withdrawal latency was automatically displayed to the nearest 0.1 s. A cutoff latency of 20 s was used to avoid tissue damage. The latency of nociceptive reaction was measured in seconds under baseline conditions and weekly after CFA or vehicle injection.
Western blot. Four weeks after CFA or vehicle injection, the rats were decapitated, and the glabrous skin from the hindpaws was collected, frozen in the liquid nitrogen, and stored in the freezer (Ϫ80°C) for further processing. Tissue samples were homogenized in RIPA buffer (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 25 ml TrisHCl, pH 7.6) containing protease inhibitors (Complete; Roche Molecular Biochemicals) and cleared by centrifugation (13,000 rpm for 50 min at 4°C). Protein concentration of the supernatant was determined using the BCA Protein Assay Kit (Sigma). Homogenates (20 l of 50 g of total protein) were resolved in 4 -12% polyacrylamide gels and transferred into a nitrocellulose membrane (Bio-Rad). The blots were blocked in Tris-buffered saline-Tween 20 (TBS-T) containing 5% nonfat dry milk at room temperature for 1 h on a rotomixer. Nitrocellulose membranes were probed with primary antibodies specific for NGF (1:500; Santa Cruz Biotechnology). Blots were incubated overnight at 4°C with the primary antibody. After primary antibody incubation, membranes were washed 3ϫ 10 min in TBS-T. This was followed by incubation for 2 h at room temperature with a peroxidase-conjugated goat anti-rabbit Ig antibody (1:2500) (Jackson ImmunoResearch). The membranes were washed 3ϫ 10 min in TBS-T. The immunoreactive (IR) bands were visualized with an ECL kit (PerkinElmer) and using Kodak Biomax XAR imaging film. The immunoreactive bands were quantified by densitometry of the films using an MCID M4 image analysis system (Imaging Research). Membranes were rinsed and reprobed with a mouse anti-␤-actin antibody (1:40,000; Sigma) diluted in 5% milk in TBS-T for 1 h at room temperature, washed with TBS-T, and incubated with a peroxidase-conjugated donkey anti-mouse IgG (1:5000; Santa Cruz Biotechnology) in 5% dry milk in TBS-T for 1 h. The membranes were washed, and the signal was detected and qualified as described above. The protein levels of the precursor (proNGF) and mature (mNGF) forms of NGF were normalized to the ␤-actin levels for each sample.
Immunohistochemistry. Animals were perfused with histological fixatives at 1, 2, 3, or 4 weeks after CFA or oil injections. For this, they were deeply anesthetized with Equithesin (6.5 mg of chloral hydrate and 3 mg of sodium pentobarbital in a volume of 0.3 ml, i.p., per 100 g of body weight) and then perfused through the left cardiac ventricle with 100 ml of perfusion buffer, followed by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, at room temperature for 30 min. Subsequently, the glabrous skin and ankle joints were extracted and post-fixed in the same fixative for 1 h at 4°C. A benefit of using this model of arthritis compared with the knee joint model is that we can use paw withdrawal thresholds to test for pain-related behavior induced by the arthritis. Ankle joints underwent a decalcification step in 10% EDTA in dH 2 O for 3 weeks. Subsequently, tissue was cryoprotected in 30% sucrose in PB overnight at 4°C for later immunohistochemical processing.
To study the glabrous skin, 50-m-thick sections were cut using a cryostat. All sections were collected as free-floating in PBS with 0.2% Triton X-100 (PBS-T). Ankle joint sections were cut at 16 m in thickness and attached directly onto gelatin-subbed slides for immunostaining. The tissue sections were incubated for 1 h at room temperature in 10% normal goat serum (Invitrogen) in PBS to block unspecific labeling. To detect immunoreactivity of the peptidergic and sympathetic fiber populations, the sections were then incubated at 4°C for 24 h using a rabbit anti-CGRP (Sigma-Aldrich) antibody or rabbit anti-vesicular monoamine transporter-2 (VMAT-2) antibody (Synaptic Systems) at dilutions of 1:2000 and 1:7500, respectively. After several rinses in PBS-T, the sections were incubated for 2 h at room temperature with secondary antibodies, a goat anti-rabbit IgG conjugated to either Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) at a dilution of 1:400 in PBS-T. For double labeling of CGRP and VMAT-2, sections were processed as described above except that we used a mixture of a guinea pig anti-CGRP antibody at a 1:8000 dilution (Peninsula) and of the VMAT-2 antibody; after washing, we used a mixture of an anti-guinea pig IgG antibody conjugated to Alexa Fluor 488 (1:800; Invitrogen) with the anti-rabbit IgG conjugated to Alexa Fluor 594. Last, the sections were washed, mounted on gelatin-subbed slides, air-dried, and coverslipped with an anti-fading mounting medium (Aqua PolyMount; Polysciences). Some sections were processed omitting the primary antibody; no specific staining was observed. Slides were stored at 4°C until examined. Before quantitative analyses, all the slides were coded so that the person who performed the quantification was completely blinded regarding the experimental groups. Codes were broken only after the quantification was completed.
CGRP-immunoreactive fiber quantification. We studied the innervation of the upper dermis of the glabrous skin of the hindpaw and the ankle joint synovial membrane on the ipsilateral side of the injection. As in previous studies from our laboratory, we considered the upper dermis as a band 150 m in thickness residing immediately below the dermalepidermal junction (Yen et al., 2006) . All the material used for quantification was single labeled. For the measurement of the CGRP-IR fiber innervation density, digital images were captured with a high-resolution camera attached to a Zeiss Axioplan 2e imaging fluorescence microscope, using a PlanFluotar 40ϫ objective. This microscope is connected to a computer equipped with the Zeiss Axiovision 4.8 software. For each rat, three sections of the skin and three sections of the ankle joint were selected at random, and in each section six non-overlapping micrographs of the upper dermis and/or synovial membrane were taken, for a total of 18 images per region per animal. Images were exported in TIFF format for analysis using an MCID Elite image analysis system (Imaging Research). The region corresponding to the upper dermis was outlined with the tracing tool of the software. CGRP-IR fibers were detected and converted to 1 pixel in thickness to measure the total fiber length (in micrometers) per scan area (in square micrometers). For statistical comparisons, we used a one-way ANOVA with Dunnett's post hoc test. Statistical significance was set at p Ͻ 0.05.
Sympathetic fiber quantification. VMAT-2-IR fibers in the ankle joint synovial membrane were quantified using the same approach as for the CGRP-IR fibers (described above). The quantification of the changes in autonomic innervation of the glabrous skin was performed using a different approach from that used for sensory fibers. Since the density of sympathetic fibers in the upper dermis is low, it is very difficult to measure directly. Therefore, we counted on each of six sections per animal all VMAT-2-IR fibers within the upper dermis. The mean number of fibers in the upper dermis per square micrometer was compared between groups using a one-way ANOVA and a Dunnett's post hoc test, with a statistical significance set at p Ͻ 0.05.
Drug administration for sympathetic block. For the sympathetic block study, vehicle (saline) or 30 mg/kg guanethidine sulfate (Santa Cruz Biotechnology) were administered intraperitoneally twice with a 24 h interval, at the 2 and 4 weeks post-CFA time points (Xanthos et al., 2008) . All three behavioral tests described above were performed at baseline (day 0), 2 or 4 weeks postinjection (predrug in sham and CFA), and 4 h after administration of the second dose of guanethidine on either day 15 or 30 (postdrug). Animals were divided into the following different groups: sham ϩ vehicle, sham ϩ guanethidine, CFA ϩ vehicle, and CFA ϩ guanethidine. Several studies show evidence that a single dose of systemic guanethidine is sufficient for long-term sympathetic blockade (Maxwell et al., 1960; Kim et al., 1993) . Data from the animals in the predrug group (CFA ϩ vehicle and CFA ϩ guanethidine) were pooled together since no statistically significant difference was detected.
Statistical analyses. All statistical tests were performed using GraphPad Prism version 5 for Windows (GraphPad Software). All values are expressed as mean Ϯ SEM. To compare for changes in the innervation of the skin, groups were compared by one-way ANOVA with Dunnett's post hoc analysis. To analyze changes in the innervation of the synovial membrane, an unpaired t test was performed to compare the control group to the CFA group. Group comparisons for the guanethidine study were analyzed using a one-way ANOVA with Bonferroni's multiple-comparison test to compare the CFA groups (vehicle vs guanethidine).
Results

Quantification of edema around the ankle joint
To measure ankle edema, ankle joints were weighed before and after dehydration in an oven at 60°C for 24 h. Values represent the change in weight of the joint (plus surrounding tissues). The mean weight loss in sham animals was 0.94 Ϯ 0.07 g, whereas in CFA-injected rats it was 2.81 Ϯ 0.4 g at the 4 week time point ( p Ͻ 0.005). These values revealed that the CFA-treated rats had significantly more fluid in the tissues surrounding the ankle joints than the sham rats. In contrast, the values from the contraleral side in both sham and CFA-treated rats were not different from the ipsilateral side in sham animals.
Development of allodynia and hyperalgesia in rats following CFA administration
In the behavioral tests, all CFA-treated rats exhibited strong mechanical and cold allodynia as well as thermal hyperalgesia as measured on the ipsilateral paw using the von Frey, acetone, and Hargreaves tests, respectively, at 1, 2, 3, and 4 weeks post-CFA (Fig. 1A-C) . Behavioral tests were also performed on the contralateral hindpaw; however, no significant differences in sensitivity to mechanical and thermal stimulation were observed between experimental and control animals. The thresholds in the sham group were not changed during the observation period (Fig. 1) , except with von Frey hairs at 1 week, when a mild hypersensitivity was observed (Fig. 1A) .
Changes in the pattern of innervation of the synovial membrane
The innervation of the synovial membrane ipsilateral to the injection of CFA or oil (sham) was studied at the 4 week time point (Fig. 2) . In control rats, there was a sparse innervation by sympathetic (VMAT-2-IR) fibers ( Fig. 2A) and CGRP-IR fibers (Fig.  2B) . In CFA-injected animals, there was a significant increase in the density of both VMAT-2-IR fibers (**p Ͻ 0.005) (Fig. 2D ) and CGRP-IR fibers (**p Ͻ 0.005) (Fig. 2E) . In CFA-injected rats, the VMAT-2-IR fibers of the synovium were in close proximity to CGRP-IR fibers, wrapping around each other (Fig. 2F , white arrows).
Changes in the pattern of innervation of the thick skin over the ankle joint The CGRP-IR (peptidergic) fiber innervation density remained unchanged at all post-CFA injection time points studied (Fig. 3) . On the other hand, there was an ectopic presence of sympathetic fibers (as detected by VMAT-2 immunoreactivity) in the upper dermis beginning at 2 weeks post-CFA injection (Fig. 4) . The number of VMAT-2-IR fibers per unit area in the upper dermis was threefold higher in CFA-injected rats, compared with sham animals, at the 4 week time point (**p Ͻ 0.05). Similarly to what was observed in the synovium, the VMAT-2-IR fibers in the upper dermis were in close proximity to CGRP-IR fibers, and some appositions of the two fiber populations were seen (Fig. 5 , white arrows).
Changes in NGF protein levels in the glabrous skin of rats 4 weeks following CFA administration
Western blot analyses of the glabrous skin samples were performed at 4 weeks after CFA or oil injections. Both proNGF and mNGF were identified based on their molecular weights; proNGF migrated close to 40 kDa, and mNGF migrated at 14 kDa (Fig. 6) . The localization of these bands is consistent with what is described in other publications using the same antibodies (Bruno and Cuello, 2006; Allard et al., 2012) and is aligned with the corresponding bands from positive controls (for NGF, mouse submandibular gland extracts; data not shown). Our data revealed an increase in the protein levels of mNGF in the ipsilateral paw compared with the contralateral paw (0.49 Ϯ 0.02 vs 0.4 Ϯ 0.01; Fig. 6A ) and also when compared with ipsilateral paw samples from oil-treated rats (0.49 Ϯ 0.02 vs 0.39 Ϯ 0.01). However, no significant changes in the protein levels of proNGF were detected by Western blot analysis in the ipsilateral paw when compared with the results from the contralateral paw (0.74 Ϯ 0.03 vs 0.76 Ϯ 0.13; Fig. 6B ) and from the ipsilateral paw of oil-treated rats (0.74 Ϯ 0.03 vs 0.75 Ϯ 0.03). Figure 7 illustrates the pain-related behavioral data from rats before and after guanethidine or vehicle treatment at 2 and 4 weeks post-CFA or oil injection. Guanethidine did not have an effect on the behavioral pattern of sham (oil-injected) animals (data not shown). In addition, no statistical difference was found when comparing the sham groups (baseline, and before/after vehicle and guanethidine treatment) to the baseline threshold levels of the CFA groups. Statistical assessment was performed using a one-way ANOVA with Bonferroni's post hoc test comparing baseline values against all other treatments. At 2 weeks following CFA injection, guanethidine injections did not have any significant effect on pain-related behavior (Fig. 7A-C) . Interestingly, at the 4 week time point, the CFA ϩ guanethidine group demonstrated a significant difference compared with the CFA ϩ vehicle group in all three behavioral parameters tested. Indeed, mechan- ical (Fig. 7A) and cold allodynia (Fig. 7B) thresholds partially returned to baseline post-guanethidine treatment (ϳ50% reversal). Importantly, the CFA ϩ guanethidine group showed no significant difference compared with baseline levels in the Hargreaves test, indicating that the heat hyperalgesia was completely reversed (Fig. 7C ). There was a significant difference when comparing both CFA groups (vehicle vs guanethidine) in all three behavioral tests, indicating that blocking sympathetic function increased the painrelated thresholds. These results correlate with the changes observed in the sympathetic fiber population in the glabrous skin surrounding the ankle joint at 4 weeks post-CFA injection.
Effect of sympathetic block on pain behavior following CFA administration
Discussion
We used a well established mono-arthritis model consisting of the unilateral intraarticular injection of CFA in the ankle joint. We show that the CFA-injected animals displayed mechanical and cold allodynia as well as heat hyperalgesia, which was still detected at 4 weeks postinjection. Furthermore, we detected a sprouting of sympathetic fibers both in the ankle joint synovium and in adjacent skin. The density of nociceptive peptidergic nerve fibers was elevated in the synovial membrane but not in skin. The suppression of sympathetic fiber function with guanethidine partially alleviated the pain-related behavior. Protein levels of mNGF, but not proNGF, were elevated in CFA-treated rats.
Although we observed similar ipsilateral pain-related hypersensitivity at 1, 2, 3, and 4 weeks post-CFA, mechanisms likely differ with the time points. Indeed, inflammatory mechanisms prevail at 1 week post-CFA. At this stage, inflammatory mediators, such as cytokines IL-1␤ and TNF-␣, released into the synovium and surrounding tissues, maintain nociceptor hyperexcitability (Miller et al., 2009 ). In the polyarthritis CFA model, joint and bone damage were present as from 2 weeks post-CFA (Henry, 2004; Almarestani et al., 2011) . Therefore, at later time points there is a component of the hyperexcitability associated with the destruction of cartilage and bone. Additionally, we observed plastic changes in the innervation pattern of the ankle joint synovium and glabrous skin surrounding the joint. At 4 weeks post-CFA, we found a significantly denser innervation of the synovial membrane by sympathetic fibers. This nerve fiber remodeling can be explained by the surge of proinflammatory mediators and growth factors attributed to synovitis and synovial pannus formation (Ishikawa et al., 1996) . Also, there was a significant sprouting of sympathetic fibers into the upper dermis of the skin surrounding the inflamed ankle joint. This sprouting was similar to the one we previously observed in the polyarthritis model (Almarestani et al., 2008) , supporting the concept of a similar pathology underlying different models of arthritis.
NGF is likely involved both in sympathetic sprouting and in the pain-related behavior. Sympathetic neurons depend on NGF for survival (Levi-Montalcini, 1987 ) and express its high-affinity receptor trkA (McMahon et al., 2006) . NGF levels detected by bioassay are increased in the synovial fluid of patients with rheu- matoid arthritis compared with normal healthy controls who have an undetectable level of NGF (Aloe et al., 1992; Aloe and Tuveri, 1997) . Importantly, in the current study, we detected that the levels of mNGF, but not proNGF, were significantly elevated in the skin at the time point in which we observed the alterations in innervation. We have still unpublished data in this arthritis model showing a significant increase in levels of plasmin, an enzyme that converts proNGF into mNGF, suggesting that the conversion turnover is increased, resulting in an absence of proNGF accumulation and increased levels of mNGF. Therefore, we suggest that chronic inflammation in the joint causes joint and bone destruction accompanied by elevated mNGF levels in surrounding tissues, triggering sympathetic fiber sprouting.
In contrast with the synovium, we found no change in CGRP-IR fiber density in skin of arthritic animals. This result differs from the polyarthritis model, where we observed significant CGRP-IR fiber sprouting beginning at 2 weeks postinjection, but this latter model has obvious skin inflammation besides the joint pathology (Almarestani et al., 2008) , likely triggering higher NGF levels in the skin. This reasoning is in agreement with the concept that peptidergic primary afferents are less responsive to NGF changes. In fact, it is well known that sympathetic neurons remain dependent on NGF for survival as well as for maintenance, whereas the postnatal peptidergic neurons cease to require NGF for survival (Gorin and Johnson, 1980; Lewin and Barde, 1996) . Skin or mucosa inflammation in other pathological inflammatory diseases, including psoriasis vulgaris, vulvodynia, or interstitial cystitis, induces sensory and/or sympathetic sprouting (Hohenfellner et al., 1992; Nakamura et al., 2003;  . Effect of sympathetic fiber activity suppression with guanethidine on mechanical allodynia, cold allodynia, and heat hyperalgesia in animals at the 2 and 4 week time points post-CFA injection. A-C, At the 2 week time point, no statistical difference was found comparing the CFA ϩ vehicle and CFA ϩ guanethidine groups in all three behavioral tests. However, at the 4 week time point, animals from the CFA ϩ guanethidine group displayed a significant attenuation (ϳ50% return to baseline) of mechanical and cold allodynia, respectively, compared with the CFA ϩ vehicle group, which displayed no change (as seen in A and B). In C, it can be observed that guanethidine completely reversed the heat hyperalgesia in CFA-treated rats, with thresholds returning to baseline levels (n ϭ 8 for each group, *p Ͻ 0.05, ***p Ͻ 0.001). Intergroup differences were analyzed by one-way ANOVA (*significance) with a Bonferroni's multiple-comparison test ( # CFA vehicle vs guanethidine group statistical difference). Error bars represent the SEM. Farmer et al., 2011) and involves different inflammatory components such as infiltration and degranulation of mast cells (Toyoda et al., 1994) , neurogenic inflammation (Nakamura et al., 2003) , plasma extravasation (Otten et al., 1984) , and increased levels of proinflammatory cytokines (Darsow et al., 1997; Nakamura et al., 2003) . The above changes are known to induce a substantial increase in NGF expression. Therefore, the moderate changes in mNGF in skin observed in this study may only be sufficient to cause sprouting of sympathetic and not sensory fibers in the skin.
Sympathetic fiber sprouting in the skin in arthritis is comparable to the sprouting previously observed by us in the skin in neuropathic pain models (Grelik et al., 2005; Yen et al., 2006) . This presence of ectopic sympathetic fibers in the upper dermis in both arthritis and neuropathic pain models led us to suggest a neuropathic pain component in arthritis (Almarestani et al., 2008) , in agreement with the concept that arthritis and neuropathic pain are not two completely separate entities (Bennett, 2006) . It is well known that sympathetic efferent activity can affect the firing rate of injured sensory fibers and evoke discharge in silent sensory afferents. In a neuropathic pain model, electrophysiological recordings from DRG neurons revealed a functional coupling of sympathetic and sensory fibers (Chen et al., 1996) . In addition, it has been shown that the spontaneous discharge rate of C-fibers is greater when norepinephrine is applied (Xie et al., 1995) . In some patients with peripheral neuropathies, sympathetic block results in pain reduction, indicating a role of the sympathetic fibers (Roberts, 1986) . We observed that in inflammatory arthritis, as in neuropathic pain models, sympathetic fibers in the upper dermis wrapped around peptidergic fibers, instead of innervating blood vessels (Almarestani et al., 2008 ; current study). Also, in the synovial membrane, sensory/sympathetic fiber appositions were more abundant in the CFA group. These abnormal fiber arrangements would favor an effect of transmitters/modulators released from the sympathetic fibers on primary afferent excitability. To confirm this, we blocked the function of sympathetic fibers using guanethidine. We detected that at the 4 week time point, guanethidine-treated arthritic rats had an amelioration of mechanical and cold allodynia thresholds, and a complete suppression of heat hypersensitivity. Conversely, in all three behavioral tests, no differences in thresholds were found between sham or CFA animals injected with vehicle or guanethidine at the 2 week time point. These results are not surprising since ectopic sympathetic fibers only become significantly present at 4 weeks after CFA injection. Based on our data and that of others (Ghilardi et al., 2012) , we suggest that guanethidine suppresses the abnormal sympathetic activity in this arthritis model in both skin and joint. Our data following guanethidine administration is comparable to that obtained in other chronic pain models (Malmberg and Basbaum, 1998; Xanthos et al., 2008) . Suppressing the sympathetic nervous system increases skin blood flow and temperature (Yanagiya et al., 1999) and alters bone architecture in adult growing rats (Pagani et al., 2008) . Furthermore, clinical observations indicate that the sympathetic nervous system plays a role in the pathogenesis of inflammation (Kozin et al., 1976; Levine et al., 1986) . These changes could explain in part the amelioration of pain-related behavior that we observed. However, no guanethidine-induced behavioral changes were observed at the 2 week time point or in non-CFA-treated rats, suggesting they are the result of the suppression of the pronociceptive effect of the ectopic sympathetic fibers.
However, guanethidine treatment induced a partial amelioration of the pain-related behavior at 4 weeks, indicating that other factors may contribute to the pain, such as persistent inflammation and bone and cartilage damage. Clinically, the persistence of synovitis and pain in patients with osteoarthritis is explained by the increased innervation by peptidergic free nerve endings releasing high amounts of substance P (Saito and Koshino, 2000) . This increased peptidergic innervation in joints has also been found in animal models (Imai et al., 1997; Ghilardi et al., 2012) . The increased activation of peptidergic primary afferents leads to neurogenic inflammation, which plays an important role in arthritis (Levine et al., 1985) . Importantly, through neurogenic inflammation, the skin surrounding the joints will also get inflamed (Ahmed et al., 1995) . This phenomenon leads to activation of immune cells and mast cells in the surrounding tissues, amplifying the inflammatory cascade and resulting in increased release of NGF. This peripherally produced NGF is sufficient to maintain the sensitization of nociceptive sensory neurons and induce inflammatory hyperalgesia (McMahon et al., 1995; Rueff et al., 1996) , besides inducing sympathetic sprouting, which plays a role in pain in itself as documented here.
In conclusion, we show in an animal model of monoarthritis a persistent pain hypersensitivity accompanied by an abnormal sprouting of sympathetic fibers in the skin adjacent to the inflamed joint. This abnormal growth of sympathetic fibers was accompanied by elevated levels of mNGF, but not of its precursor proNGF, making the modulation of mNGF levels an interesting target for the treatment of inflammatory arthritis. We also observed that the suppression of sympathetic fiber function led to an amelioration of the pain-related behavior. These data reinforce the concept of a neuropathic component in arthritis and that sympathetic fibers play a role in the genesis of the pain associated with arthritis.
